Ultrafast endocytosis can retrieve a single, large endocytic vesicle as fast as 50-100 ms after synaptic vesicle fusion. However, the fate of the large endocytic vesicles is not known. Here we demonstrate that these vesicles transition to a synaptic endosome about one second after stimulation. The endosome is resolved into coated vesicles after 3 s, which in turn become small-diameter synaptic vesicles 5-6 s after stimulation. We disrupted clathrin function using RNA interference (RNAi) and found that clathrin is not required for ultrafast endocytosis but is required to generate synaptic vesicles from the endosome. Ultrafast endocytosis fails when actin polymerization is disrupted, or when neurons are stimulated at room temperature instead of physiological temperature. In the absence of ultrafast endocytosis, synaptic vesicles are retrieved directly from the plasma membrane by clathrin-mediated endocytosis. These results may explain discrepancies among published experiments concerning the role of clathrin in synaptic vesicle endocytosis.
Ultrafast endocytosis can retrieve a single, large endocytic vesicle as fast as 50-100 ms after synaptic vesicle fusion. However, the fate of the large endocytic vesicles is not known. Here we demonstrate that these vesicles transition to a synaptic endosome about one second after stimulation. The endosome is resolved into coated vesicles after 3 s, which in turn become small-diameter synaptic vesicles 5-6 s after stimulation. We disrupted clathrin function using RNA interference (RNAi) and found that clathrin is not required for ultrafast endocytosis but is required to generate synaptic vesicles from the endosome. Ultrafast endocytosis fails when actin polymerization is disrupted, or when neurons are stimulated at room temperature instead of physiological temperature. In the absence of ultrafast endocytosis, synaptic vesicles are retrieved directly from the plasma membrane by clathrin-mediated endocytosis. These results may explain discrepancies among published experiments concerning the role of clathrin in synaptic vesicle endocytosis.
Clathrin is thought to act at the plasma membrane of synapses to retrieve synaptic vesicle membrane and proteins. There is an extensive literature supporting this conclusion. Classic ultrastructural studies of frog neuromuscular junctions revealed the presence of clathrin coats on the plasma membrane after stimulation, suggesting that synaptic vesicles are reconstituted at the surface 1 . Biochemical purification of clathrin-coated vesicles from rat brain demonstrated that synaptic vesicle proteins copurify with clathrin and AP2 (ref. 2) , and AP2 and clathrin are sufficient to generate vesicles from purified brain lipids 3, 4 . Transmembrane vesicle proteins, such as synaptotagmin [5] [6] [7] and synaptrobrevin 8, 9 , interact with adaptor proteins at the plasma membrane and these interactions are required for regenerating functional synaptic vesicles. These studies lend strong support to the idea that clathrin acts at the plasma membrane to regenerate functional synaptic vesicles. However, recent morphological studies 10, 11 suggest that endocytosis may be much faster than previously described for clathrin-mediated endocytosis.
'Flash-and-freeze' fixation combines optogenetic stimulation with high-pressure freezing to capture events at synapses milliseconds after stimulation. Our ultrastructural studies demonstrated that endocytic pits, which lacked stereotypical clathrin coats, appeared ,50 ms after stimulation at both Caenorhabditis elegans 11 and mouse synapses 10 . Ultrafast endocytosis is compensatory, that is, membrane retrieval is triggered by the membrane added by fusion 10 . Under our stimulation conditions this appears to be due to multiquantal release 10 , as has been previously observed at cultured hippocampal synapses 12 . The large endocytic vesicles retrieved by ultrafast endocytosis are too big to be functional synaptic vesicles-they are typically equivalent to the surface area of 4 synaptic vesicles-and the fate of these vesicles was unknown.
Here we examined events that occur up to 20 s after stimulation. We performed 'flash-and-freeze' experiments on mouse hippocampal neurons and analysed the synaptic ultrastructure blind from ,200 synaptic profiles per time point. A total of 10,514 synaptic profiles and 361 tomograms were analysed. We applied a single stimulus in the presence of 4 mM Ca 21 or 10 stimuli (20 Hz) in the presence of 2 mM Ca 21 . At physiological temperatures (34-37 uC) , clathrin is not required for ultrafast endocytosis but is required to bud synaptic vesicles from synaptic endosomes (Extended Data Fig. 1 ). However, at room temperature (,22 uC), clathrin functions at the plasma membrane during endocytosis.
Synaptic vesicles reform from endosomes
Clathrin polyhedral coats on endocytic membranes are distinctive in electron micrographs ( Fig. 1 and Extended Data Fig. 2 ). In our preparations, these coats are observed on pits on the cell body (Extended Data Fig. 2d ) but rarely observed on the plasma membrane at synapses. To test the requirement of clathrin after stimulation, a single stimulus was applied to hippocampal cells expressing a variant of channelrhodopsin (ChetaTC) 13 . The experiments were performed in the presence of 4 mM Ca 21 in the external solution at 34 uC ( Fig. 1 ) and 37 uC (Extended Data Fig. 2) . After a single stimulus, endocytic pits that lack distinctive clathrin coats formed 50-100 ms after fusion ( Fig. 1a , left panel; Extended Data Fig. 2a , left panel) 10 . These invaginations resolved into large vesicles about 80 nm in diameter at the lateral edges of the active zone ( Fig. 1a and Extended Data Fig. 2a ). The number of large endocytic vesicles adjacent to the plasma membrane peaked at 100 ms ( Fig. 1d ; Extended Data Fig. 2e ). Thereafter, endosome-like structures began accumulating in the bouton and peaked at 1 s (Fig. 1b, d and Extended Data Fig. 2b, e ). These organelles are larger in diameter (116.4 6 2.5 nm, 8 synaptic vesicle equivalents) than the endocytic vesicles at the periphery (80.6 6 0.7 nm; 4 synaptic vesicle equivalents; Extended Data Fig. 3a , see Methods), suggesting that the large endocytic vesicles fuse to form a synaptic endosome 14 . Tomographic reconstructions of these endosomes demonstrated that they are not connected to the plasma membrane (Extended Data Fig. 2c and Supplementary Video 1). Clathrin-like coats were visible on some of these endosomes (Fig. 1b , c and Extended Data Fig. 2b-d) , and budded endosomes peaked 3 s after stimulation (Fig. 1c, d and Extended Data Fig. 2b , c, e). The decline in endosomes was accompanied by an accumulation of clathrin-coated vesicles inside the bouton at 3 s ( Fig. 1d and Extended Data Fig. 2e , f). By contrast, clathrin-coated pits on the plasma membrane were only observed in 0.4% of synaptic profiles (4/907) between 1 to 10 s after stimulation (1 s (2/332); 3 s (2/345); 10 s (0/330)) ( Fig. 1d and Extended Data Fig. 2e ). These results suggest that clathrin does not regenerate synaptic vesicles via endocytosis at the plasma membrane but rather by budding vesicles from an endosome.
Clathrin not required for endocytosis
To test the role of clathrin in ultrafast endocytosis, we reduced expression of clathrin using RNAi 15 . Cultures were infected with lentivirus expressing a short hairpin RNA (shRNA) targeted against clathrin heavy chain mRNA, or a scrambled shRNA control. Clathrin was significantly reduced seven days after infection as determined by western blot (,80% reduction, n 5 3; Extended Data Fig. 4a ) and immunostaining (64% reduction; Extended Data Fig. 4b, d , e). Similarly, transferrin uptake was reduced by 66% (Extended Data Fig. 4c , f). Clathrin knockdown reduced releaseready vesicles but did not affect the exocytic machinery in electrophysiological recordings ( Fig. 2a , Extended Data Fig. 5a -f, see Supplementary Information). Likewise, a smaller docked pool of vesicles was observed by electron microscopy, but the overall morphology of synapses was normal (Extended Data Fig. 5g , h, see Supplementary Information).
Clathrin knockdown did not disrupt ultrafast endocytosis, which remained proportional to vesicle fusion. Following a single stimulus (34 uC, 4 mM Ca 21 ), endocytic pits and large endocytic vesicles appeared at the edges of the active zone both in the control and clathrin knockdown cells (Fig. 2b, c) . The number of endocytic pits and vesicles was decreased by 41% ( Fig. 2c) , closely matching the reduction in exocytosis of synaptic vesicles (Extended Data Fig. 5h ). These results suggest that membrane retrieval via ultrafast endocytosis does not depend on clathrin, which is consistent with the lack of stereotypic clathrin coats on pits during ultrafast endocytosis ( Fig. 1a and Extended Data Fig. 2a ).
Clathrin regenerates vesicles at endosomes
To determine whether clathrin is required to resolve endosomes into synaptic vesicles, control and clathrin knockdown cells were stimulated in the presence of cationized ferritin (4 mM Ca 21 , 34 uC). Cationized ferritin adheres to membranes and serves as a fluid phase marker for endocytic trafficking. In control cultures 1 s after a single stimulus ( Fig. 3a, b ), ferritin molecules were found in endosomes but not in clathrin-coated vesicles. At 3 s, endosomes were budding and ferritin began to appear in clathrin-coated vesicles. The size of endosomes was larger than endocytic vesicles, again suggesting that endocytic vesicles carrying ferritin fuse to form synaptic endosomes (Extended Data Fig. 3b , c). Sixteen ferritinpositive endosomes were reconstructed from tomograms, none of them extended a tubule to the plasma membrane (Extended Data Fig. 6a ). However, half of those endosomes were not fully contained within the 200 nm tomogram. Therefore we reconstructed 11 complete synapses by assembling serial tomograms of synapses 3 s after stimulation. None of the 17 complete end-to-end endosomes were connected to the plasma membrane (6 of which contained ferritin), suggesting that they are true intracellular organelles, not extensions of the plasma membrane (Supplementary Videos 1-5). The decline in the number of endosomes is followed by an accumulation of ferritin-positive coated vesicles and synaptic vesicles ( Fig. 3b ). Some clathrin-coated vesicles were observed before 3 s after stimulation (1 s, 4/149 synaptic profiles and Fig. 1d ), but they did not contain ferritin molecules, suggesting that they were derived from preexisting endosomes. The total number of ferritin granules per synaptic profile did not increase, suggesting that an additional wave of endocytic events did not occur during those 20 s (Extended Data Fig. 6c ). Some of the ferritin-filled small vesicles docked to the active zone ( Fig. 3a , right panel; Extended Data Fig. 6b, d ), suggesting that these vesicles are synaptic vesicles. These results indicate that recently endocytosed membrane passes through endosomes to regenerate synaptic vesicles within about 5-6 s after fusion. Approximately 60% of synapses had endosomes in the unstimulated control; this baseline value was subtracted from endosome numbers. After stimulation, two endosomes were observed in 30% of the synapses. The prevalence of large endocytic vesicles and endosomes is followed by an increase in the number of clathrin-coated vesicles. Coated pits were rarely observed on the plasma membrane (PM). The standard error of the mean is shown in each graph. For n values, detailed numbers and statistical analysis, see Supplementary Table 1 . Similar results were obtained from two independent cultures, and at least 178 synaptic profiles were analysed per time point ( Supplementary Table 1 ). Endosomes are defined as vesicles larger than ,100 nm and greater than 50 nm from the active zone (see Methods and Extended Data Fig. 3 ). Supplementary Table 1 .
ARTICLE RESEARCH
In clathrin knockdown cultures, ferritin-filled endosomes increased after 1 s ( Fig. 3d ). However, these endosomes did not decline across the 3 s, 10 s or 20 s ( Fig. 3c, d ). These endosomes formed almost no coated buds and remained spherical ( Fig. 3c ), suggesting that membrane curvature of the buds requires clathrin. Together, these results suggest that clathrin is required at endosomes to regenerate synaptic vesicles following a single stimulus.
Clathrin at endosomes after 10 stimuli
At mammalian central synapses, action potentials often fire in bursts 16, 17 and could exhaust ultrafast endocytosis. To assay endocytosis after highfrequency stimulation, we delivered 10 stimuli (20 Hz for 500 ms in 2 mM Ca 21 , 34 uC) and froze cultures 1 s, 3 s, 10 s, and 20 s after the end of the stimulus. Under these conditions, 90% of the cells fired action potentials for all 10 light pulses (Extended Data Fig. 7a ). Using cationized ferritin, we followed the fate of the newly endocytosed vesicles ( Fig. 4 and Extended Data Fig. 3d , e). The results were similar to those after a single stimulus. Coated pits were not observed on the plasma membrane. Ferritin accumulation in endosomes peaked at 1 s; endosomes exhibited coated buds at 3 s, accompanied by the appearance of clathrin-coated vesicles and some uncoated synaptic vesicles. All vesicles were uncoated by 10 s (Fig. 4a, b and Extended Data Fig. 7b ). Ferritin-filled vesicles were eventually recruited to the active zone, suggesting that these vesicles are probably synaptic vesicles (Extended Data Fig. 7c ).
We then applied an identical 20 Hz stimulation to cultures treated with clathrin shRNA. In these cultures ferritin was taken up into large endosomes, again suggesting that membrane internalization after a high frequency burst does not require clathrin ( Fig. 4c ). However, ferritincontaining endosomes were abundant and were not resolved into vesicles even after 20 s ( Fig. 4c, d) , indicating that clathrin is essential for regenerating vesicles from endosomes after a burst of action potentials. The acute inhibition of clathrin function by Pitstop 2, a potent inhibitor of clathrin-mediated endocytosis, (30 mM, 2 min) also blocked regeneration of synaptic vesicles from endosomes (Extended Data Fig. 8 ; see Supplementary Information). These results suggest that following a short burst of action potentials, clathrin acts on endosomes to regenerate synaptic vesicles.
To determine whether intense stimulation triggers clathrin-mediated endocytosis, we applied trains of 3, 10, 30, and 100 light pulses at 20 Hz to hippocampal neurons and froze them 10 s after stimulation (2 mM Ca 21 , 34 uC). To arrest all endocytic intermediates at the plasma membrane, we applied 80 mM dynasore for 30 s before the stimulation. Dynasore is a drug that binds dynamin 18 ; although it also has off-target effects 19 , it nevertheless effectively locks both clathrin-mediated endocytosis and ultrafast endocytosis at a late stage of vesicle scission 10, 18 . After dynasore treatment, no clathrin-coated pits were trapped on the plasma membrane under any condition. Instead, strings of uncoated vesicles attached to the plasma membrane accumulated at the edges of active zones (Fig. 4e, f) . The diameter of vesicles in strings (53.3 6 3.7 nm) was larger than synaptic vesicles (,40 nm) but smaller than large endocytic vesicles formed after a single stimulus (,80 nm), reflecting reduced fusion during repetitive stimulation. These results suggest ultrafast endocytosis is responsible for removing membrane from the surface even during high frequency bursts of action potentials and that clathrin functions on endosomes rather than at the plasma membrane to regenerate synaptic vesicles.
Ultrafast pathway is temperature sensitive
Actin polymerization is required for ultrafast endocytosis 10 . To study synaptic vesicle recycling in the absence of ultrafast endocytosis, we blocked actin polymerization. We treated cultured neurons with 10 mM latrunculin-A for 30 s, stimulated once by a 10 ms light flash, and frozen 3 or 10 s later (4 mM Ca 21 , 34 uC). Large endocytic vesicles adjacent to the active zone were absent following the latrunculin-A application, indicating that ultrafast endocytosis was blocked ( Fig. 5a-d ). Under these conditions, clathrin-coated pits were observed on the plasma membrane 3 s after stimulation, followed by an accumulation of coated vesicles between 3 and 10 s, and the appearance of large vesicles at 10 s ( Fig. 5c, d) . The size of coated pits, coated vesicles and synaptic vesicles were similar (Extended Data Fig. 9a ). The number of synaptic vesicles is higher because after an endosome is resolved it leads to ,2 vesicles that contain a clump of ferritin. The number of clathrincoated vesicles is less than expected given that endosomes contain 5-8 synaptic vesicles worth of membrane. This discrepancy is probably because synaptic vesicles will be distributed among many thin sections. d, In the clathrin knockdown, ferritin stalled in endosomes and did not progress into synaptic vesicles. Clathrin-coated pits were not present on the plasma membrane at any time point and are therefore not plotted. The standard error of the mean is shown in each graph. Experiments are from two independent cultures and at least 149 synaptic profiles were analysed per time point (Supplementary Table 1 ).
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Actin polymerization is known to be less efficient at room temperature in mammalian cells 20, 21 . To test whether ultrafast endocytosis fails at low temperature, we incubated cells at room temperature (22 uC) for 5 min before flash-and-freeze ( Fig. 5e-h) . In control cells maintained at 34 uC, coated pits were not observed after stimulation ( Fig. 5e -h, unstimulated, 0/251 synaptic profiles; 3 s, 0/248 synaptic profiles). However, at 22 uC, clathrin-coated pits appeared on the plasma membrane adjacent to the active zone 3 s after a single stimulus ( Fig. 5g , h). Clathrin-coated pits were not present on the plasma membrane at any time points and thus not plotted. In the controls, synapses which exhibited ferritin uptake remained at 32%, but the number of ferritin structures per profile increased because endosomes were typically resolved into ,2 ferritin-positive vesicles. Experiments are from two independent cultures and at least 123 synaptic profiles were analyzed per time point ( Supplementary Table 1 ). e, Virtual section from an electron tomogram (left) and reconstruction (right) showing a string of large endocytic vesicles trapped on the membrane by dynasore treatment following 100 stimuli at 20 Hz. Multiple large endocytic vesicles (black arrows) are attached to one another and remain connected to the plasma membrane. f, Fraction of tomograms that contain vesicle strings attached to the plasma membrane following 1, 3, 10, 30, and 100 stimuli (20 Hz). Tomograms from 100-nm thick sections were reconstructed for each time point; only 1 vesicle string appeared in a given terminal. The number of tomograms with a vesicle string reached 31% following 100 stimuli, suggesting that ,70% of synapses are silent in these preparations. The number of vesicles on a string increases with repetitive stimulation: 1 stimulus (no vesicle string); 3 stimuli (2 vesicles per string); 10 stimuli (2.3 vesicles per string); 30 stimuli (5.6 vesicles per string); and 100 stimuli (4.8 vesicles per string). However, these are probably underestimates because strings that extend into neighbouring sections are not captured in these tomograms. The standard error of the mean is shown in each graph. For n values, detailed numbers and statistical analysis, see Supplementary Table 1 . Table 1 ).
ARTICLE RESEARCH
Like in the latrunculin-A treated cells, large vesicles, possibly endosomes, accumulated in the centre of the bouton 10 s after stimulation 22, 23 , as observed previously in hippocampal cultures stimulated at room temperature 22, 23 . The diameter of coated pits and synaptic vesicles were similar (Extended Data Fig. 9b ). These results suggest that failure of ultrafast endocytosis leads to clathrin-mediated endocytosis on the plasma membrane.
Temperature
In classic electron microscopy studies of stimulated synapses, clathrinmediated endocytosis occurs about 20 s after stimulation 24, 25 . By contrast, clathrin-independent ultrafast endocytosis removes excess membrane 30-100 ms after stimulation 10, 11 , and as demonstrated here, synaptic vesicles are regenerated via an endosome 5-6 s after stimulation (Extended Data Fig. 1 ). These contradictory results can be reconciled simply by considering temperature. Ultrafast endocytosis is only observed at physiological temperatures. When neurons are cooled to 22 uC, ultrafast endocytosis fails, and the slower clathrin-mediated process takes over. Actin polymerization is greatly reduced in cultured cells at non-physiological temperature 26, 27 . Because ultrafast endocytosis requires actin polymerization, it is probable that vesicle components accumulate on the plasma membrane at room temperature, and the clathrin machinery is recruited to the plasma membrane instead of the synaptic endosome. The shift to clathrinmediated endocytosis may contribute to rapid synaptic depression that is observed at room temperature 28, 29 , perhaps because excess membrane in the active zone could block exocytosis.
Previous ultrastructural data have suggested the presence of a fast form of endocytosis at physiological temperature. When frog pectoral muscles were stimulated at 10 uC in the original Heuser and Reese experiments, clathrin-coated pits accumulated on the plasma membrane 1 ; whereas when stimulated at room temperature, two forms of endocytosis were observed: a fast form 1 s after stimulation, and a slow form 20 s after stimulation 24 . At snake neuromuscular junctions, clathrin-coated pits accumulated when stimulated at 7 uC 30 , whereas at room temperature, membrane was retrieved in 1-2 s 31 . In rat hippocampal neurons, endosomes (. 70 nm) were observed after stimulation at physiological temperature but not at room temperature 32 . Capacitance studies also indicate fast and slow mechanisms. In the calyx of Held, fast endocytosis was observed at physiological temperature (35-37 uC), but was abolished at room temperature 33 . Fast endocytosis was also observed in fish retinal bipolar cells, membrane was recovered ,1 s after a single stimulation 34, 35 .
Ultrastructure and capacitance analyses only measure membrane endocytosis; protein endocytosis can be measured by pHluorin assays. At room temperature, a slow form of endocytosis is observed in hippocampal neurons with a surface dwell time of 15 s 36 . When pHluorin experiments are conducted at physiological temperatures, the time constant for endocytosis is significantly faster: 14 s at 24 uC and 10 s at 30 uC, and as fast as 6 s at 37 uC 37,38 . At first glance, a 6 s recovery for vesicle proteins agrees well with a 6 s recovery of morphologically defined synaptic vesicles. However, such a comparison is deceptive, as it is unlikely that proteins in a fusing vesicle could diffuse to the lateral edge of the active zone and into an endocytic vesicle within 50 ms. Nevertheless, temperature seems to be responsible for differences observed among ultrastructural studies.
Clathrin at endosomes
Endosomes are sorting compartments that receive cargo from transport vesicles generated by endocytosis from the plasma membrane. Heuser and Reese proposed in their original model that clathrin-mediated endocytosis generated a transport vesicle that fused to an endosome ('cisterna'), and synaptic vesicles were then regenerated from these endosomes 1 . However, subsequent experiments demonstrated that these cisternae were likely to arise via bulk endocytosis due to non-physiological stimulation 25 , and the model was amended to propose that synaptic vesicles were generated directly from the plasma membrane via clathrin-mediated endocytosis, whereas bulk endocytosis removed excess membrane added during intense stimulation. Thus, the cisternae do not represent true endosomes as they do not arise via transport vesicles but rather from a simple pinching off from the plasma membrane. Moreover, it was observed that internal clathrin-coated buds were often, or even always, attached to the plasma membrane via long tubules 1, 4, 39 , which led to the idea that the formation of clathrin-coated pits is limited to the plasma membrane. The different lipid compositions of endosomes and the plasma membrane support this notion. Endosomes are enriched for phosphatidylinositol 3-phosphate (PI(3)P), whereas the plasma membrane is enriched in phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) and therefore can recruit clathrin-AP2 (ref. 40) .
By contrast, our data suggest that clathrin regenerates synaptic vesicles from a synaptic endosome rather than from the surface. Tomographic reconstructions of endosomes failed to identify connecting tubules to the plasma membrane. Moreover, these compartments appear to be true endosomes, in that they are generated by transport vesicles. Because endosomes are twice as large as endocytic vesicles, the synaptic endosome probably forms by fusion of endocytic vesicles. The synaptic endosome is resolved into synaptic vesicles by clathrin-mediated budding, and for this reason it is unlikely that synaptic endosome are typical endosomes. The presence of clathrin on these endosomes suggests they are enriched in PI(4,5)P 2 . In this case, the membrane composition of 'synaptic endosomes' is more like the plasma membrane than that of classical endosomes.
A growing body of molecular studies support the conclusion that synaptic vesicles may be regenerated from endosomes. Live imaging in hippocampal neurons indicates that recently endocytosed vesicle proteins are sorted in an endosome after stimulation 22 . Endosomal Rab GTPases, such as Rab5 and Rab35, are abundant at the synapse and can be copurified with synaptic vesicles 41 , and inhibition of Rab5 (ref. 42 ) and skywalker 43 (required for Rab35 function) results in an accumulation of endosomes in synaptic boutons. Finally, accumulation of endosomes is also observed in the absence of AP2, clathrin, clathrin accessory proteins or dynamin [44] [45] [46] [47] [48] .
In summary, our results resolve an important contradiction: most studies indicate that clathrin is essential for endocytosis at hippocampal synapses 36 , whereas ultrafast endocytosis is clathrin-independent.
Here we demonstrate that even the ultrafast pathway requires clathrin to regenerate synaptic vesicles, not at the plasma membrane but rather at the synaptic endosome. It is probable that at some synapses and under some physiological conditions, clathrin acts at the plasma membrane to regenerate synaptic vesicles. Whether ultrafast endocytosis is a general mechanism or a specialization for synapses with high turnover will require further study.
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METHODS
Cell culture and lentivirus infection. Animals were handled according to the rules of the Berlin authorities and the animal welfare committee of the Charité Berlin, Germany. Hippocampi were dissected from newborn C57/BL6-N mice and cultured at 13 3 10 3 cells per cm 2 on 6 mm sapphire disks for 'flash-and-freeze' electron microscopy experiments and 25 mm coverslips for all other experiments as previously described 10 . Astrocytes were seeded a week in advance to generate a feeder layer. For autaptic cultures, microislands of astrocytes were prepared as previously described 28 and neurons were plated at 300 cells per cm 2 . For biochemistry, 10 3 10 4 cells per cm 2 were cultured without the feeder layer.
Lentivirus was produced as described previously 50 . The cells were infected with lentivirus expressing ChetaTC 10 on DIV1 and clathrin or non-specific shRNA on DIV7. Infection of clathrin shRNA at DIV1 caused severe loss of neurons at DIV14, and thus, cells were only infected for 1 week with clathrin shRNA for all the experiments. shRNA constructs. A mouse CHC-1 specific siRNA target sequence (59-GTTG GTGACCGTTGTTATG-39) was obtained using Genscript siRNA Target Finder (https://www.genscript.com/ssl-bin/app/rnai) and cloned as shRNA into a lentiviral shuttle vector under the control of a U6 promoter. For the scrambled shRNA control sequence we adapted the scrambled siRNA sequence from ref. 15 and cloned it as shRNA (59-TTCGCACCCTACTTCGTGG-39) into a lentiviral shuttle vector. Both sequences were subject to a BLAST search to ensure that mouse CHC-1 shRNA was specific and that the scrambled shRNA did not match any sequence. To identify infected cells, the shuttle vector contained a human Synapsin-1 promoter, driving an expression of a nuclear-targeted red fluorescent protein (NLS-RFP). Western blots and immunocytochemical staining. For detection of clathrin levels by western blots, protein lysates were obtained from astrocyte-free mass cultures of hippocampal neurons. Briefly, cells were lysed using 50 mM Tris/HCl (pH 7.9), 150 mM NaCl, 5 mM EDTA, 1% Triton-X-100, 1% Nonidet P-40, 1% sodium deoxycholate, and protease inhibitors (cOmplete protease inhibitor cocktail tablet, Roche Diagnostics GmbH, Mannheim, Germany). Protein concentration was determined by BCA assay. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were then incubated with rabbit anti-CHC-1 (1:500, Abcam, ab21679) and mouse anti-tubulin III (1:2,000, Sigma-Aldrich, T8660) antibodies overnight at 4 uC. After incubation with corresponding horseradish peroxidase-conjugated goat secondary antibodies (1 h at room temperature) and ECL Plus Western Blotting Detection Reagents (GE Healthcare Biosciences), chemiluminescent was imaged using a Vilber Lourmat Fusion FX7 detection system. Ratiometric quantification of signal intensities was measured with the supplied BIO-1D software package of the Fusion FX system. The signals are linear with the amount of protein lysate loaded (data not shown), suggesting that we can detect the clathrin signals in the knockdown without saturating the signals from the control.
Immunocytochemical staining was performed on autaptic cultures. One week after infection with the shRNA constructs, cells were washed once in PBS and fixed with 4% paraformaldehyde (PFA) for 10 min. After washing in PBS, cells were permeabilized with 0.1% PBS-Tween20 for 10 min and blocked in 5% NGS for 30 min. Subsequently cells were incubated with rabbit anti-CHC-1 (1:1,000, abcam, ab21679) and guinea pig anti-synaptophysin (1:1,000, Synaptic System) antibodies overnight at 4 uC. Primary antibodies were labelled with anti-rabbit Alexa Fluor 647 and anti-guinea pig Alexa Fluor 488 (each 1:500, Jackson Immunoresearch Laboratories) for 1 h at room temperature. After washing, coverslips were mounted with Mowiol 4-88 anti-fade medium (Polysciences Europe GmbH, Eppelheim, Germany). Transduced cells, visible by nuclear RFP expression, were imaged using an Olympus IX81 microscope equipped with a Princenton camera and controlled by Metamorph software, with same acquisition settings for all groups. Ratiometric quantification of clathrin signals over synaptophysin signals was conducted in the automated fashion using ImageJ (National Institute of Health, Bethesda, MD) with custom-written macros. In short, the program first subtracts uneven illumination using a 'rolling ball' function with the radius set at 30 pixels (http://fiji.sc/Rolling_Ball_Background_Subtraction). Then, the synapses are defined by thresholding the synaptophysin signals at 15%. The binary image of synaptophysin was used as the regions of interest. The average intensities of fluorescence signals from clathrin heavy chains and synaptopysin were measured from those locations and were divided to obtain ratio between those two proteins. A total of 28 images from the control shRNA cells and 30 images from the clathrin knockdown cells (n 5 2 cultures) were used. Electrophysiology. Whole cell patch-clamp and cell-attached voltage-clamp recordings were performed as previously described 10 . The extracellular solution contained 140 mM NaCl, 2.4 mM KCl, 10 mM HEPES, 10 mM Glucose (pH adjusted to 7.3 with NaOH, 300 mOsm). For a single light stimulus experiment, 4 mM CaCl 2 and 1 mM MgCl 2 were added to the solution, while 2 mM CaCl 2 and 1 mM MgCl 2 were added for high-frequency stimulation experiments. All recordings were performed at 34 uC.
For recordings in autapses, neurons at DIV15-17 were clamped at 270 mV with a Multiclamp 700B amplifier (Molecular Devices) under control of Clampex 9 (Molecular Devices). The extracellular solution contained 2 mM CaCl 2 and 4 mM MgCl 2 . The patch pipette solution contained 136 mM KCl, 17.8 mM HEPES, 1 mM EGTA, 0.6 mM MgCl 2 , 4 mM ATP-Mg, 0. 3 mM GTP-Na, 12 mM phosphocreatine and 50 U per ml phosphocreatine kinase (300 mOsm, pH 7.4). EPSCs were evoked by a brief 2 ms somatic depolarization to 0 mV. Readily-releasable pool size was determined by measuring the charge transfer of the transient synaptic current induced by a pulsed 5 s application of hypertonic solution (500 mM sucrose in extracellular solution). Vesicular release probability was calculated as the ratio of the charge from the evoked EPSC (integrated for 1 s) and the readily-releasable pool size. Electron microscopy. 'Flash-and-freeze' experiments were performed as previously described 10 . Briefly, sapphire disks with cultured cells were mounted in the freezing chamber of the high-pressure freezer (HPM100, Leica), which was set at 34 uC. The temperature 34 uC was chosen to match the temperature of electrophysiological recordings. To minimize the exposure to room temperature, a Petri dish containing the sapphire disk was placed on a 37 uC cryopack while mounting, and the transparent polycarbonate sample cartridges were stored between cyropacks equilibrated to 37 uC. Immediately after the sapphire disk was mounted on the sample holder, recording solution kept at 37 uC was applied to the specimen and the cartridge was inserted into the freezing chamber and allowed to equilibrate to 34 uC for 30 s. For experiments at 37 uC (Extended Data Fig. 2) , a temperaturecontrolled chamber (Leica) was placed around the specimen loading table of the high-pressure freezer. After transferring in a Petri dish, the cells were allowed to recover in the 37 uC chamber for 2 min and then mounted onto the specimen carriers for freezing. The freezing chamber was set at 37 uC in these experiments. Using a home-built light stimulation controller, we applied either 1 or 10 light pulses (20 Hz) to the specimens. The controls for each experiment were always frozen on the same day from the same animal. Each light pulse was for 10 ms. Under these conditions we observe multivesicular release; we estimate that up to 4 synaptic vesicles are released per active zone (data not shown and ref. 10). We set the device so that the samples were frozen at 15, 30, 50, 100, 300, 1,000, 3,000, 10,000 or 20,000 ms after the initiation of the first stimulus 10 .
For ferritin-loading experiments, cationized ferritin (Sigma-Aldrich) was added in the recording solution at 0.25 mg ml 21 . The calcium concentration was reduced to 1 mM to suppress spontaneous activity during the loading. The cells were incubated in the solution for 5 min at 37 uC. For Pitstop 2 experiments, 30 mM Pitstop 2 was also included in the solution, and the cells were only incubated for 2 min, as longer incubations sometimes yielded dead cells. After ferritin incubation, the cells were immersed in the recording solution containing either 4 mM Ca 21 for a single stimulus experiment or 2 mM Ca 21 for high-frequency stimulation. The change in calcium concentrations from 1 mM to 4 mM increases the rate of miniature EPSCs and thus may contribute to the background ferritin loading before the experiments.
In our experiments, about 1% of synaptic profiles contained endosomes and synaptic vesicles that were ferritin-positive without stimulation. The absence of ferritin-positive coated pits on the plasma membrane in the unstimulated controls suggests that ferritin passes through endosomes even during spontaneous activity. 3 mM NBQX and 30 mM bicuculline were also included in the recording media to minimize the recurrent network activity 10 . Ferritin-positive synaptic vesicles were only found in 5-7% synaptic profiles scored before stimulation using this protocol.
Following high-pressure freezing, samples were transferred into a vial containing 1% osmium tetroxide (EMS), 1% glutaraldehyde (EMS), 1% milliQ water, in anhydrous acetone (EMS). The freeze-substitution was performed in AFS2 (Leica) with the following program: 290 uC for 5-7 h, 5 uC per hour to 220 uC, 12 h at 220 uC, and 10 uC per hour to 20 uC. Following en bloc staining with 0.1% uranyl acetate, the samples were infiltrated and embedded into epon and cured for 48 h in a 60 uC oven. Serial 40-nm sections were cut using a microtome (Leica UCT) and collected onto formvar-coated single-slot grids. Sections were stained with 2.5% uranyl acetate before imaging. For ferritin experiments, sections were not stained after sectioning to improve contrast of ferritin molecules in our images-this, in turn, might have compromised our ability to distinguish clathrin-coated vesicles. Approximately 150 synaptic profiles were collected from a single section from each specimen, and the experiments were repeated with second cultures in each case (for detailed n values, see Supplementary Table 1 ). The sample size was chosen based on the previous experiments that allowed us to acquire a sufficiently large set of data for statistical analysis 10 . The total numbers of synaptic profiles and tomograms analysed for these experiments are 10,514 and 361, respectively. Note that there is some variability from experiment to experiment; this is probably due to the short lifetimes of these structures. The synaptic profiles were chosen randomly to sample unbiased populations. Active zones were defined as regions juxtaposed to a postsynaptic density. Docked vesicles are defined as those directly in contact with membrane. The large endocytic vesicles are defined as vesicles larger than ,50 nm by visual inspection and within 50 nm of active zone, measured in ImageJ. Endosomes
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are defined as membrane-bound organelles that are in the centre of the bouton and larger than 100 nm by visual inspection. Vesicular compartments with coated buds were also categorized as endosomes, which appeared frequently in our 3 s time points. Vesicles are scored as clathrin-coated only if distinctive coats were visible which can lead to underscoring ( Fig. 1c and Extended Data Fig. 2c ). Furthermore, the chance of capturing a coated vesicle in a given synaptic profile is low compared to an endosome due to its size. These factors will lead to an underestimate of the number of coated vesicles observed in profiles. The morphometry was performed blind using custom-written ImageJ macro and Matlab scripts (Watanabe, Davis, and Jorgensen).
For electron tomography, 100-200 nm thick sections were collected on pioloform-coated single-slot grids. Sections were post-stained with uranyl acetate as described for thin sections. 10-nm gold particles were sparsely applied to both sides of the grids by incubating the grids in drops of solution containing 5.7 3 10 12 particles per ml (http://microspheres-nanospheres.com/) for 2 min. 17-50 tiltseries ( 6 65u) were collected from each sample using FEI TF20 electron microscope. For serial tomograms, low magnification images acquired from each section on a grid were used to locate the same synapses in the serial sections. Typically, the entire synapses span 4 to 5 sections, when cut at 200 nm. The tomograms were generated from tilt-series using IMOD. The tomograms were segmented and reconstructed using Amira or TrakEM2. Membrane calculations. The amount of membrane on large endocytic vesicles and endosomes was calculated to determine the number of synaptic vesicle equivalents contained in these structures. These structures were scored blind and were distinguished by position in the bouton, by size, and by shape. For large endocytic vesicles in single stimulus experiments (Fig. 1) , the mean diameter was 80.6 6 1.5 nm. The surface area of the large endocytic vesicles is therefore about 20,000 nm 2 , as the surface area of a synaptic vesicle is 5,300 nm 2 , large endocytic vesicles correspond to 4 synaptic vesicle equivalents. In the RNA interference experiments after a single stimulus, the size of large endocytic vesicles was 82.6 6 4.5 nm (4 synaptic vesicle equivalents) in the control and 74.4 6 2.0 nm (3 synaptic vesicle equivalents) in the clathrin knockdown. In the RNA interference experiments after high-frequency stimulation, the size of large endocytic vesicles was 85.5 6 2.2 nm (4 synaptic vesicle equivalents) in the control and 70.1 6 1.4 nm (3 synaptic vesicle equivalents) in the knockdown.
The surface area of endosomes was calculated by measuring the diameter and assuming a spherical shape. This calculation will lead to an underestimate of the surface area of endosomes because the membrane in budding endosomes is convoluted. To minimize this error, endosomes with coated buds were not included in the calculations. After a single stimulus (Fig. 1) , the mean diameter of endosomes was 116.4 6 3.0 nm (8 synaptic vesicle equivalents). In the ferritin experiments with a single stimulus, the diameter of endosomes was 108.7 6 4.2 nm (7 synaptic vesicle equivalents) in the control and 93.1 6 2.8 nm (5 synaptic vesicle equivalents) in the clathrin knockdown. In the ferritin experiments with multiple stimuli, the diameter of endosomes was 111.8 6 4.1 nm (8 synaptic vesicle equivalents) in the control and 100.9 6 2.6 nm (6.5 synaptic vesicle equivalents) in the clathrin knockdown. The smaller size of endocytic structures in the clathrin knockdowns is probably due to the reduced neurotransmission in these cells. To confirm the estimates of surface area, we measured the surface area of complete endosomes in tomograms of wild-type synapses. Most endosomes were spherical with the diameter of 111.2 6 5.3 nm (39,000 nm 2 or 7.3 synaptic vesicle equivalents). The surface area of budded endosomes was measured to be ,41,000 nm 2 or 7.7 synaptic vesicle equivalents. Statistics. For detailed numbers and statistical analysis, see Supplementary Table 1 . showing the size of large endocytic vesicles (red) and endosomes (orange) after one stimulus from control cells without ferritin (a), scrambled shRNA infected cells (b), and clathrin knockdown cells (c) both with ferritin. Ten stimuli were applied to scrambled shRNA (d) or clathrin knockdown cells (e). The large endocytic vesicles are defined as those that are within 50 nm of active zone and larger than a synaptic vesicle by visual inspection. Endosomes are defined as large vesicles greater than 50 nm from the active zone (often in the centre of the bouton) and are larger than ,100 nm. Any vesicular compartment that has coated buds in the centre of the bouton is also categorized as an endosome. The numbers of endocytic structures in (a) represent all the structures scored from 100 ms and 300 ms time points. The number of large vesicles and endosomes in b-e represent all the ferritin-positive structures from later time points (3, 10, and 20 s). In the control shRNA (b), the number of large endocytic vesicles and endosomes has declined by these late time points, whereas the ferritin is trapped in large endocytic vesicles and synaptic endosomes in the clathrin knockdown experiments. Because ferritin passes from large endocytic vesicles to even larger budded endosomes, it is probable that the endocytic vesicles fuse with either each other or an existing compartment. Extended Data Figure 6 | Following a single stimulus, clathrin is required at endosomes to regenerate synaptic vesicles. a, Virtual section from an electron tomogram (left) and a reconstruction (right) showing a budded synaptic endosome containing ferritin particles in the scrambled shRNA control cell. We found a total of 33 endosomes in these reconstructions. Of these 33 endosomes, none were connected to the plasma membrane or showed evidence of a tubule extending from the endosomal membrane. A total of 17 of these 33 total endosomes were fully contained within the 200 nm tomogram. Of these 33 endosomes, 16 were ferritin-positive, and 8 of these 16 endosomes were fully contained in the tomogram. showing a synaptic endosome with buds following 10 stimuli at 20 Hz. Of 32 tomograms reconstructed from the 3 s time point, 25 of them showed at least one endosome in the terminal, and 7 showed budded endosomes. None of these endosomes were connected to the plasma membrane. The standard error of the mean is shown in each graph. For detailed numbers and statistical analysis, see Supplementary Table 1 .
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